The commercial potential of chemical-vapor-deposited
films (3).
The advantages and utility of CVD diamond as an industrial ceramic can only be realized if the quality, durability, and price are right (4). Until recently, this technology was of interest only to the academic and basic research communities. However, interest has grown because of advances made by leading CVD diamond suppliers (4, 5):
1. The cost of CVD polycrystalline diamond deposition has been reduced below $5/carat ($8/cm2).
2. Production capacity has been installed.
3. Epitaxial growth of CVD single-crystal diamond has been achieved.
Thus, CVD diamond applications and business are an industrial reality.
At present CVD diamond is produced in the forms of coatings and wafers. CVD diamond film technology offers a broader technological potential than do natural and high-pressure synthetic diamonds because size, geometry, and eventually cost will not be as limiting. Now that they are cost effective, diamond coatings--with their extreme properties--can be used in a variety of applications.
Diamond coatings can improve many surface properties of engineering substrate materials, including erosion, corrosion, and wear resistance (3). Examples of actual and potential applications, from microelectromechanical systems (MEMS) to environmentally durable barriers, of diamond coatings and related superhard coatings are described in reference 6. For example, diamond coatings can be used as a chemical and mechanical barrier for Space Shuttle check valves, particularly the guide pins and seat assemblies (7) .
To achieve satisfactory quality and properties of diamond coatings and films, it is necessary to optimize deposition parameters by studying their effects on the physical, chemical, and structural properties of coatings and films. Deposition parameters must not only give the appropriate initial level of quality but must also provide durable and affordable coatings and films.
For a material to be recognized as diamond it must have all the following characteristics (8, 5): 
CVD Diamond Film Deposition Technology
The basic reaction in the chemical vapor deposition of diamond is simple (8). It involves the decomposition of a hydrocarbon, such as methane, as follows:
The carbon species must be activated, since graphite is thermodynamically stable at low pressure and, without activation, only graphite would be formed. Activation is obtained by two basic methods:
high temperature and plasma, both of which require a great deal of energy.
Several chemical-vapor-deposition processes based onthese twomethods arepresently in use. Thefollowing case studies (9-11)focus attention primarily onmicrowave-plasma-assisted CVD diamond films. Table I ). The grain size and surface roughness data were obtained by using TEM and stylus profilometry. The CVD diamond films referred to in Table 1 can be divided into three groups by grain size: fine, medium, and coarse grain. The grain sizes of the fine-grain diamond films were determined from bright-and dark-field electron photomicrographs to be between 20 and 100 nm. The medium-and coarse-grain diamond films have grain sizes estimated at 1000 to crystalline facets typical ofdiamond areclearly evident onthesurfaces of themedium-andcoarsegrain films.
Measurement and Diagnostic of CVD Diamond
In anatomicforcemicroscope, toobtain topographical information, a probe tip traverses across a diamond surface andsenses theforceof interaction between itselfandthediamond surface. By monitoring thetip deflection necessary to maintain a constant interacting force,surface topographical datacanbeobtained ona nanometer scale. Figure 3 is anAFMimage of a fine-grain CVDdiamond film.Thesurface hasa granulated or spherulitic morphology (i.e.,it contains spherical asperities of different sizes).
X-Ray Diffraction and Electron Diffraction
X-ray diffraction is a powerful technique used to uniquely identify the crystalline phases present in materials and to measure the structural properties of these phases (12) . Although x-ray diffraction is not inherently a surface diagnostic technique, it offers unparalleled accuracy in the measurement of atomic spacing. XRD was used to determine the structure and crystal orientation of the CVD diamond films (10). Typical x-ray diffraction patterns for the fine-and medium-grain diamond films ( Fig. 4) show peaks representing only the diamond film and the silicon substrate. Diffraction peaks corresponding to the {1 IlL {220}, {311}, and {400} planes, reflective of diamond, are clearly evident. The intensity ratios 1{220}/1{ 11 I } were calculated from the x-ray diffraction patterns for these films and found to be 1.3 and 0.04, respectively. The powder diffraction pattern of diamond with random crystal orientation (ASTM 6-0675) gives 1(220)11(! 11) = 0.27. Thus, most crystallites in the fine-grain diamond films are oriented along the (I 10) direction, whereas most crystallites in the medium-grain diamond films are oriented in the (11 !) direction. The well-formed triangular facets observed in SEM photomicrographs of medium-and coarse-grain diamond films confirm the (I I !) crystal orientation. 
Raman Spectroscopy
Raman spectroscopy is primarily a structural characterization tool (12). Raman spectra are more sensitive to the length and strength of bonds and to their arrangement in a material than to chemical composition. Raman spectra of crystals likewise reflect the details of defects and disorder rather than More diamond is produced in larger grain CVD diamond films (e.g., Fig. 6 (b)) than in fine-grain films, as is evident from the relative intensities of the diamond and nondiamond carbon Raman bands (10). However, the ratio of the intensities of the Raman responses at 1332 cm -t and centered around 1530 cm -_ does not indicate the ratio of diamond to nondiamond carbon present in a particular film, since the Raman technique is approximately 50 times more sensitive to sp2-bonded (nondiamond) carbon than to spLbonded (diamond) carbon (15). Thus, the peak centered around 1530 cm -_ for each film represents a much smaller amount of nondiamond carbon in these diamond films than appears at first glance. (10).) It was also demonstrated that both carbon and hydrogen are uniformly distributed in the fine-grain film from the top of the surface to the silicon substrate.
Rutherford
RBS analytical results can also be used to determine diamond film thickness. Figure 7 presents a simulated RBS spectrum of the diamond film containing a carbon-to-hydrogen ratio (C/H) of 97.5/2.5 obtained by using the RUMP computer code (17). In the computer program the film thickness of the diamond film is taken as a variable. This thickness was obtained from the close match between the observed and simulated RBS, as shown in Fig. 7 , and is 1.5 lain at the center of the substrate. The deposition rate was estimated to be 0.14 I.tm/hr.
Friction Measurement
The classical Bowden and Tabor model for sliding friction of materials in contact, in its simple form, assumes that the friction force arises from two contributing sources (18). First, an adhesion force is developed at the real area of contact between the surfaces, arising from the attractive forces between the contacting surfaces. Second, a deformation force is needed to plow or cut the asperities of the harder surface through the softer. The resultant friction force is the sum of the two contributing sources: friction due to adhesion and friction due to deformation and/or fracture. When a smooth flat is brought into contact with a smooth spherical surface of the same or softer material, the plowing or cutting contribution in friction can be neglected. In this situation, as is well known, diamond is one of the slipperiest materials and is similar to polytetrafluoroethylene in air. The coefficient of friction is between 0.01 and 0.05 in air.
The friction and wear properties of CVD diamond films are similar to those of natural and synthetic diamond. The coefficient of friction and wear resistance of CVD diamond are generally superior in the atmosphere. However, the environment to which a CVD diamond film is exposed can markedly affect its friction and wear behavior. For example, the coefficient of friction is greater than 0.4in ultrahigh vacuum. Thus, thebehavior varies withtheenvironment, givingCVDfilmsa Jekylland-Hyde character (10).
Humid air and dry nitrogen environments.--When
the fine-, medium-, and coarse-grain CVD diamond films characterized in previous sections were brought into contact with a natural diamond pin in reciprocating sliding motion in air and in nitrogen, the coefficients of friction varied as the pin traveled back and forth (reciprocating motion), retracing its tracks on the diamond films ( Fig. 9 ). Both in humid air at a relative humidity of 40% and in dry nitrogen, abrasion occurred and dominated the friction and wear behavior. The bulk natural diamond pin tended to dig into the surface of diamond films during sliding and produce a wear track (groove). SEM observations of the diamond films indicated that small fragments chipped off their surfaces. When abrasive interactions between the diamond pin surface and the initially sharp tips of asperities on the diamond film surfaces were strong, the friction was high (points A in Fig. 9 ). The surface roughness of diamond films can have an appreciable influence on their initial friction (i.e., the greater the initial surface roughness, the higher the initial coefficient of friction, Fig. 10 ). Similar frictional results have also been found by other workers on single-crystal diamonds (19) and on diamond coatings (20--22).
As sliding continued and the pin passed repeatedly over the same track, the coefficient of friction was appreciably affected by the wear on the diamond films ( Fig. 9 ) (i.e., a blunting of the asperity tips). When repeated sliding produced a smooth groove or a groove with blunted asperities on the diamond surface ( Fig. 11) , the coefficient of friction (now due only to adhesion) was low, and the initial surface roughness effect became negligible. Therefore, the equilibrium coefficient of friction was independent of the initial surface roughness of the diamond film ( Fig. 10(b) ).
The generally accepted wear mechanism for diamonds is that of small fragments chipping off the surface (23, 10). This mechanism agrees with the wear of diamond films. The wear rate depends on the initial surface roughness of the diamond films ( Fig. 12) , increasing markedly with an increase in initial surface roughness. The wear rates of the diamond films in humid air and in dry nitrogen are comparable to the wear rates of single-crystal diamonds and diamond films investigated by other workers (20, 24, I !).
Ultra-high-vacuum
environment.--When the fine-, medium-, and coarse-grain diamond films were brought into contact with a natural diamond pin in unidirectional pin-on-disk sliding motion in vacuum, the coefficients of friction were high and varied with the number of passes (10). In vacuum, as in humid air and in dry nitrogen, the bulk natural diamond pin dug into the surfaces of the diamond films during sliding and produced a wear track (groove, Fig. 13 ). The groove surface was generally smoother thantheoriginal surface of the diamond films. Further analysis of the grooves by scanning electron microscopy revealed that the tips of the diamond coating asperities were worn smooth and that the gaps between asperities were filled by debris.
The coefficient of friction increased with an increase in the number of passes (Fig. 14) , just the opposite of what occurred in humid air and in dry nitrogen. Further, the initial surface roughness of the diamond film had no effect on friction. These results led us to ask the following questions: What factors determine friction behavior? Have dangling bonds, each of which carries an unpaired electron spin, been exposed during sliding and played a role in the friction behavior? Which is more important for diamond surfaces in vacuum: abrasion or adhesion?
A contaminant surface film may be removed by repeatedly sliding a diamond pin over tile same track in ultrahigh vacuum (1 I). When some contaminant surface film was removed from the contact area of diamond films by sliding action, stronger interfacial adhesion resulted between the diamond pin and the diamond films, raising the coefficient of friction as shown in Fig. 14 . The atoms exposed at the free surfaces possibly possessed a dangling bond, thus retaining such a high friction.
The friction results shown in Fig. 14 (27) also found that the coefficient of friction rose to 0.47 when CVD diamond slid against itself in vacuum (<0.6 _tPa). In both cases the increase in friction was attributed to cleaning the adsorbed contaminants from the surface by rubbing or sliding in vacuum at room temperature.
When sliding continued, the wear dulled the asperity tips of the diamond and enlarged the contact area in the wear track, thereby causing friction to rise. The increase in equilibrium friction that resulted from cleaning off the contaminant surface film by sliding and from enlarging the contact area was greater than the corresponding decrease in abrasion and friction that resulted from blunting the tips of surface asperities. This relationship is brought out clearly in Fig. 15 , where the equilibrium coefficients of friction (1.5 to 1.8) are greater than the initial coefficients of friction (1.I to 1.3) regardless of the initial surface roughness of the diamond films. Here again, to create new surfaces by wear, great adhesion and friction clearly were involved. In vacuum, therefore, the friction arises primarily from adhesion between the sliding surfaces of the diamond pin and the diamond films.
Thewear rates of thediamond filmsin ultrahigh vacuum (Fig.16 )depended ontheinitialsurface roughness of thediamond films,generally increasing withanincrease in initialsurface roughness. The wear rates of thediamond filmswereconsiderably higher in ultrahigh vacuum thanin humid airor in drynitrogen (Fig.12) . Obviously, under these vacuum conditions adhesion between thesliding surfaces of thediamond pinandthediamond film plays animportant rolein thehigher wear process. 
